Partial correction of anemia in patients with chronic kidney disease (CKD) reduces left ventricular hypertrophy (LVH), which is a risk factor for cardiovascular (CV) morbidity, but complete correction of anemia does not improve CV outcomes. Whether LV geometry associates with CV events in patients who are treated to different hemoglobin (Hb) targets is unknown. One of the larger trials to study the effects of complete correction of anemia in stages 3 to 4 CKD was the Cardiovascular Risk Reduction by Early Anemia Treatment with Epoetin Beta (CREATE) trial. Here, we analyzed echocardiographic data from CREATE to determine the prevalence, dynamics, and prognostic implications of abnormal LV geometry in patients who were treated to different Hb targets. The prevalence of LVH at baseline was 47%, with eccentric LVH more frequent than concentric. During the study, LVH prevalence and mean left ventricular mass index did not change significantly, but LV geometry fluctuated considerably within 2 yr in both groups. CV event-free survival was significantly worse in the presence of concentric LVH and eccentric LVH compared with the absence of LVH (P ϭ 0.0009 and P Յ 0.0001, respectively). Treatment to the higher Hb target associated with reduced event-free survival in the subgroup with eccentric LVH at baseline (P ϭ 0.034). In conclusion, LVH is common and associates with poor outcomes among patients with stages 3 to 4 CKD, although both progression and regression of abnormal LV geometry occur. Complete anemia correction may aggravate the adverse prognosis of eccentric LVH.
Left ventricular hypertrophy (LVH) is considered an important risk factor for adverse cardiovascular (CV) outcomes in patients with chronic kidney disease (CKD). 1 The prevalence of LVH rises with the progression of CKD, ranging from approximately 26% in patients with creatinine clearances of 50 to 75 ml/min to 75% in patients starting dialysis. [2] [3] [4] Whereas the presence of LVH is predictive of poor CV prognosis in patients receiving dialysis treatment, 2, [5] [6] [7] [8] fewer data on the prognostic impact of LVH are available in patients with earlier stages of CKD.
Hemoglobin (Hb) levels have been found to predict the degree of LVH in long-term dialysis patients, 9, 10 with each 1 g/dl decrease in Hb being associated with an approximately 50% increase in the risk for LV dilation and systolic dysfunction. 9 Anemia has also been identified as a risk factor for LV growth and adverse outcomes in patients with less severe kidney disease 3, 11 and in the absence of CKD. 12 Because anemia leads to a compensatory increase in cardiac output, this increase in cardiac workload may enhance LV growth and LV dilation in the context of additional risk factors and metabolic abnormalities associated with CKD. 13, 14 Of note, eccentric LVH is more frequent than concentric LVH in patients with CKD, indicating that volume overload may be of particular relevance in the pathogenesis of LVH in these patients. 3 Several small studies in patients with stages 4 to 5 CKD showed reduced LV mass index (LVMI) with partial correction of severe anemia by recombinant human erythropoietin (epoetin) [15] [16] [17] [18] ; however, randomized, controlled trials (RCTs) that compared partial with complete anemia correction in patients with moderate anemia at baseline did not show an improvement of LVH. 19 -25 Moreover, the four trials enrolling Ͼ500 patients to test the effects of Hb normalization each failed to show a benefit of target Hb levels above 13 g/dl on CV outcomes. 22, 23, 26, 27 Two of these studies even indicated adverse cardiovascular consequences of randomly assigning patients to a higher Hb target. 26, 27 One of these four larger trials, the Cardiovascular Risk Reduction by Early Anemia Treatment with Epoetin Beta (CREATE) trial, was performed to compare the effects of complete correction of anemia (target Hb 13.0 to 15.0 g/dl; group 1) with those of partial correction (target Hb 10.5 to 11.5 g/dl; group 2) in patients with stages 3 to 4 CKD. 23 More than 95% of patients who enrolled in CREATE underwent echocardiography at baseline and then annually during the course of the study. We previously reported that there was no difference in LVMI between the two treatment arms. 23 Here we report a detailed analysis of the echocardiographic parameters with the objective to describe the prevalence, dynamics, and prognostic implications of abnormalities in LV geometry in nondialysis patients with CKD in the absence of severe heart failure and to determine whether anemia correction affects CV events, depending on cardiac structure and function.
RESULTS

Study Population and Baseline Characteristics
Of the 603 patients who were included in the intention-to-treat analysis of CREATE, 580 (96%) had baseline echocardiograms, and in 451 (74.8%), these were assessable for LVMI (219 in group 1 and 232 in group 2). The number of patients for whom echocardiograms were assessable for LVMI decreased after 1, 2, and 3 yr to 171, 136, and 74 and to 186, 146, and 81, respectively (Supplemental Table) , but there was no difference between groups 1 and 2.
Comparison of the baseline characteristics between the overall CREATE study population and the patients with baseline echocardiograms revealed that this group was a representative subcohort. The only statistical differences were a slightly lower age (57.1 versus 59.0 yr) and a less frequent use of diuretics in the echocardiogram group (42.0 versus 63.5%).
The baseline characteristics of patients who were included in the echocardiographic analyses separated by treatment arm are depicted in Table 1 . Demographic and clinical characteristics were similar between both groups, except that the proportion of men was slightly higher in group 1. As shown in Table 2 , echocardiographic parameters at baseline were also similar between both groups, except that the overall proportion of patients with normal LV geometry was slightly higher and the proportion with concentric remodeling was slightly lower in group 1 than in group 2 (39.0 versus 33.2% and 11.9 versus 18.5%, respectively). Almost half of the patients in either group had LVH at the outset of the study, but the prevalence of systolic dysfunction was very low.
Effects of Anemia Correction on LVMI and Prevalence of LVH
The mean LVMI values over time for all patients for whom echocardiograms were interpretable at baseline and at years 1, 2, and 3 are illustrated in Figure 1 (top). LVMI did not change significantly over time in either of the two study groups. After 1, 2, and 3 yr, the mean changes in LV volume were Ϫ2.83 Ϯ 15.9, Ϫ0.69 Ϯ 16.4, and 3.34 g/m 2 Ϯ 24.3 and 3.15 Ϯ 15.5, 2.62 Ϯ 18.6, and 4.05 Ϯ 19.1 g/m 2 , and the mean changes in LVMI were Ϫ5.06 Ϯ 24.8, Ϫ6.58 Ϯ 26.9, and Ϫ1.30 Ϯ 36.0 and Ϫ2.87 Ϯ 25.2, Ϫ7.59 Ϯ 25.6, and Ϫ7.53 Ϯ 34.4 in group 1 and group 2, respectively. Considering only patients who had echocardiograms at baseline and after 3 yr, the mean change in LVMI was Ϫ3.3 Ϯ 26.5, Ϫ3.3 Ϯ 27.5, and Ϫ1.3 Ϯ 36.0 and Ϫ1.3 Ϯ 23.2, Ϫ11.1 Ϯ 27.0, and Ϫ7.5 Ϯ 34.4 at baseline and after years 1, 2, and 3 in group 1 (n ϭ 74) and group 2 (n ϭ 81), respectively. Figure 1 (bottom) shows that there was a trend toward a decreasing overall prevalence of LVH over time in both treatment groups between baseline and year 2, but the prevalence in those remaining in the study at year 3 was virtually identical to that in the whole cohort at baseline. The prevalence of LVH was not different at any time between groups 1 and 2.
To determine whether changes in LVMI occurred in subgroups of patients with different LVMI at study entry, we stratified patients by baseline LVMI ranges. Because of the reduced number of observations in each category after stratification, a meaningful analysis was possible only until year 2. As shown in Figure 2 , in patients with a baseline LVMI Ͻ100 g/m 2 , no significant changes from baseline to year 1 or 2 were observed, and there were no differences between treatment groups; however, in patients with a baseline LVMI between 100 and 130, between 131 and 160, or Ͼ160 g/m 2 , significant decreases were observed after 1 and 2 yr when compared with baseline, with more pronounced changes and lower P values in patients with higher baseline LVMI; however, no significant differences were observed between the treatment arms.
Effects of Anemia Correction on LV Volume, LV Diameters, and LV Function No significant changes in LV volume (LVV), LV end-diastolic diameter, LV end-systolic diameter, LV ejection fraction (LVEF), and fractional shortening (FS) from baseline to year 1 or year 2 were observed within or between the two treatment groups (Table 3) . Of note, LVEF remained stable throughout the study.
Dynamics of LV Geometry over Time
To determine a possible influence of target Hb on the dynamics of LV geometry over time, we determined separately the proportion of patients who were within a certain category of LVM and geometry at baseline and remained within this category or changed to another category for group 1 and group 2 patients who had interpretable echocardiograms at baseline and year 2.
As shown in Tables 4 and 5 , there were no significant differences between group 1 and group 2, but both groups revealed significant fluctuations between categories. Among patients whose LV geometry was normal at baseline, 61.7 to 64.9% maintained normal geometry after 2 yr, whereas 17.0 to 17.5% showed concentric remodeling and 15.8 to 21.3% developed LVH (nearly all eccentric). Among those with LVH at baseline, 56.5 to 63.2% continued to show LVH after 2 yr, whereas 25.0 to 32.2% were normalized and 9.7 to 10.3% regressed to concentric remodeling. Moreover, by the end of year 2, 33.3 to 42.3% of those with concentric LVH at baseline had eccentric LVH, but only 8.8 to 9.5% of those with eccentric LVH at baseline showed concentric LVH. 
Determinants of Baseline LVH and LV Growth
The results of multivariate analyses of determinants of baseline LVH and of LV growth in patients with echocardiographic data at year 2 are shown in Tables 6 and 7 . For LVH, only race and baseline systolic BP were significant. Trends were observed for female gender, diabetes, and baseline diastolic BP. There were no significant determinants of LV growth.
Effects of Baseline LV Status on the Occurrence of CV Events
Kaplan-Meier CV event-free survival curves in the two treatment groups, stratified by LV status at baseline, are shown in Figure 3 . The probability of experiencing a CV event was significantly greater in the presence than in the absence of LVH at baseline. It was significantly higher in patients with eccentric LVH than in those with concentric LVH. The treatment arms did not differ in risk for CV events in the subgroups with no LVH or concentric LVH at baseline, but among those with eccentric LVH at baseline, treatment toward a normal Hb level led to a significant worsening of event-free survival as compared with treatment toward a subnormal Hb target.
DISCUSSION
This echocardiographic analysis of patients enrolled in CRE-ATE confirms that LVH is a frequent complication in stages 3 to 4 CKD and is associated with an increased frequency of CV events. Moreover, the study shows that LV geometry plays an important role in predicting CV events in such patients, because the prognosis was worst in those with eccentric LVH and intermediate in those with concentric LVH (Figure 3 ). This suggests that an increase in myocardial wall thickness may be a beneficial adaptive response under conditions of increased cardiac workload. The relative importance of LVM and LVV for patient prognosis was previously studied in patients who were on dialysis. 28 Remarkably, there was a clear-cut association between baseline LVH and subsequent CV events in CREATE, even though patients with severe heart failure (New York Heart Association stages III and IV) were excluded from the trial, BP was reasonably controlled (136/79 and 135/77 mmHg at study end in groups 1 and 2, respectively), and the use of potentially protective CV medication was high (approximately 50% of patients were on angiotensinconverting enzyme inhibitors, approximately 20% were on angiotensin receptor blockers, and more than one third were on ␤ blockers). 23 A comparatively low CV morbidity is also reflected by the overall first CV event rate, which was only approximately half of what had been predicted (7.8% per year). Apparently, however, LVH predicts CV events irrespective of the absolute overall risk.
Despite the association of echocardiographic findings at baseline with subsequent CV events, we did not find a progressive increase of LVM or observe a progressively increasing prevalence of LVH in the entire study population during the 3-yr study period (Figures 1 and 2) . On the contrary, in patient subgroups with elevated LVMI at baseline, mean LVM decreased during the course of the investigation in both treatment arms. A similar observation was made in a previous, smaller study testing the effect of Hb normalization on the progression of LVH. 20 Conversely, several other studies suggested that LVH in patients with CKD is progressive. Thus, cross-sectional studies reported an increasing prevalence of LVH with increasing severity of CKD 3, 4 and an observational study of nondialysis patients with CKD demonstrated progressive LV growth. 11 A large RCT of incident hemodialysis patients with normal baseline LVMI levels, allocated to lower and higher Hb targets, also demonstrated an increase in LVMI in both treatment groups during a follow-up of 2 yr. 22 Because in our study the patient population for which interpretable echocardiograms were available decreased with study time, our observations may to some extent be prone to survival bias. Nevertheless, enrollment in the trial seemed to stabilize the overall progression of LVH, possibly owing to the absence of hemodynamic changes associated with dialysis in conjunction with improved patient surveillance, BP control, the use of CV medications, and the avoidance of progressive anemia. Clearly, however, there was no difference between early anemia correc- tion with a normal Hb target (group 1) and later correction toward a subnormal Hb target (group 2). The same conclusion was recently derived from a meta-analysis of other trials comparing Hb targets Ͼ12 g/dl with conventional targets in patients with moderate anemia at baseline. 29 One of the limitations of CREATE and other studies conducted so far is the lack of a control group without anemia correction, which would have been necessary to assess the impact of avoiding severe anemia.
Although the natural history of the development of LVH is complex, concentric remodeling (i.e., an increase in relative wall thickness in the absence of LVH) is considered an early stage of cardiac adaptation to increased cardiac workload. Further progression may lead to concentric hypertrophy, whereas eccentric hypertrophy often reflects dilation of a ventricle that previously showed signs of concentric remodeling and/or hypertrophy or a direct consequence of volume overload. 30, 31 Despite the overall stability of mean LVM and LVH prevalence, a detailed analysis of the patients stratified according to echocardiographic categories revealed marked fluctuations between categories within a 2-yr observation period (Tables 4 and 5 ). The absence of an overall change in mean LVM therefore reflects a neutral net balance between factors stimulating progression and factors favoring regression of LVH, rather than halted progression of poorly reversible cardiac abnormalities. Differences observed can be caused at least in part by effects of regression to the mean. Nevertheless, the striking changes over time revealed by our analysis may add to the discussion about the validity and variability of echocardiographic measurements. 32, 33 In particular, in patients undergoing hemodialysis, extracellular volume status can significantly influence echocardiographic parameters; however, although CREATE did not censor patients at the onset of dialysis, Ͼ75% of patients in the 2-yr follow-up had not yet started dialysis (Supplemental Table) ; therefore, changes in volume status related to the dialysis schedule cannot account for the observed variability in the echocardiographic results. Long-standing abnormalities of cardiac structure and function in CKD can also improve significantly after kidney transplantation, 34, 35 which further supports the reversibility of myocardial abnormalities. Targeting a normal as compared with a subnormal Hb concentration in patients with moderate anemia, however, does not seem to be effective in improving the net balance between progression and regression of LV growth and dilation.
Interestingly, the outcome of patients who had eccentric LVH at baseline and were in the complete anemia correction arm tended to be worse than that of those in the standard correction arm (Figure 3 ). Although the number of patients in the different subgroups was small and the difference only just statistically significant without correction for multiple comparisons, we believe that this observation generates a new hypothesis about possible adverse effects of Hb normalization. Several mechanisms, which are not mutually exclusive, may contribute. First, stimulation of erythropoiesis toward higher Hb levels increases red cell mass with possible consequences CLINICAL RESEARCH www.jasn.org for blood volume. Although small studies in normal volunteers 36 and patients on dialysis 37, 38 indicated that total blood volume remains stable after treatment with epoetin, as a result of a compensatory decline in plasma volume, this adaptive reduction in plasma volume presumably requires either normal kidney function or increased ultrafiltration during dialysis. Plasma volume control is compromised in advanced CKD. In fact, the single small study available in nondialysis patients with CKD showed a decline in plasma volume that was insufficient to compensate for the increase in red cell volume, thereby resulting in an increase in total blood volume after anemia correction. 39 Such an increase in blood volume might have a negative impact on cardiac function in patients with eccentric LVH. Second, as per study design, the hematocrit, which influences whole-blood viscosity and peripheral vascular resistance, was higher in group 1 than in group 2. The difference was moderate (approximately 5 percentage points), 23 but blood viscosity is Table 4 . Changes in LV geometry in patients in group 1 (full anemia correction) for whom echocardiograms were interpretable at baseline and after 2 yr (n ϭ 134) NA, data for categorizing into LV geometry group not available. Table 5 . Changes in LV geometry in patients in group 2 (partial anemia correction) for whom echocardiograms were interpretable at baseline and after 2 yr (n ϭ 144) exponentially related to hematocrit. 40 Although the precise hemodynamic consequences are difficult to predict, it is possible that they have more impact in patients with eccentric LVH than in those without. Third, treatment with epoetin has been associated with an increase in BP, and both hemodynamic as well as nonhemodynamic mechanisms have been implicated. Although there was no difference in BP between groups 1 and 2 in CREATE, hypertension was a more frequently reported adverse event in patients targeted to the higher Hb level, 23 and patients with eccentric LVH at baseline could be more sensitive to BP increases. Finally, nonerythropoietic adverse effects of epoetin might also play a role, as suggested by a recent secondary analysis of the Correction of Hemoglobin and Outcomes in Renal Insufficiency (CHOIR) study. 41 Irrespective of the underlying mechanisms, the observation that targeting toward a normal Hb concentration aggravates the increased risk for patients who already show signs of established cardiac overload may also explain differences in outcomes among the four largest RCTs that have so far compared the effect of partial versus complete anemia correction. Two of these trials, the study by Parfrey et al. 22 of incident dialysis patients and CREATE, found no increase in CV risk in the overall study population, whereas the study by Besarab et al. 27 and CHOIR 26 reported trends toward increased mortality in the higher Hb arms. Although in the latter two studies no echocardiography was done, the characteristics of enrolled patients suggest that the proportion of patients with eccentric LVH and the severity of LV dilation were higher in these two trials than in the two others. Parfrey et al. 22 excluded patients with ventricular dilation, whereas Besarab et al. 27 enrolled only patients with clinical evidence of congestive heart failure or ischemic heart disease. CHOIR also enrolled patients with a high CV burden, with hypertension and diabetes being much more frequent causes of CKD than in CREATE.
In conclusion, in patients with stages 3 to 4 CKD, LVH is frequent and associated with poor outcomes. Both progression and regression of abnormal LV geometry can be observed, pointing toward opportunities for intervention. Although targeting toward a normal Hb level as compared with a subnormal level in patients with moderate anemia at baseline did not result in differences in LVM and LV geometry, it may further aggravate the adverse prognosis of eccentric LVH.
CONCISE METHODS
Study Population and Design
Details of the CREATE study protocol and population are described elsewhere. 23, 42 In brief, the CREATE trial enrolled patients with CKD from 94 centers in 22 countries. Major inclusion criteria were an estimated GFR of 15 to 35 ml/min per 1.73 m 2 body surface area (Cockcroft-Gault), mild to moderate renal anemia (Hb 11.0 to 12.5 g/dl), systolic BP Յ170 mmHg, and diastolic BP Յ95 mmHg. Patients with New York Heart Association stages III and IV congestive heart failure or whose renal insufficiency was rapidly progressive and/or expected to result in the requirement for renal replacement therapy within 6 mo were excluded.
CREATE was designed as an open-label, parallel-group study in which patients were randomly assigned (1:1) to receive epoetin beta (NeoRecormon; F. Hoffmann-La Roche Ltd., Basel, Switzerland), starting at 2000 IU subcutaneously once weekly, either beginning immediately, to a target Hb level of 13.0 to 15.0 g/dl (group 1), or beginning only when Hb levels had fallen below 10.5 g/dl, to a target Hb level of 10.5 to 11.5 g/dl (group 2). The primary end point was time to a first CV event (a composite of sudden death, myocardial infarction, acute heart failure, stroke, transient ischemic attack, unstable angina, manifestation of peripheral vascular disease, or severe cardiac arrhythmias). Secondary end points included the echocardiographic assessments of LVMI, LVH, and LV function from baseline to follow-up in each study group and respective comparisons between the two study arms.
All patients provided written informed consent. The study protocol was approved by local ethics committees. The study was conducted in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki.
Echocardiographic Assessments
Patients underwent echocardiography at baseline and then annually and at the initiation of dialysis, using American Society of Echocardiography standards. 43 Parasternal twodimensional (2D) long-axis view (of at least 15 s), M-mode view, and 2D short-axis view, and apical 2D two-chamber and four-chamber views were recorded. For patients who required hemodialysis, echocardiography was performed 15 to 20 h after a dialysis session. All recordings were interpreted in a blinded manner by an independent echocardio- 
Statistical Analysis
All presented analyses were included in a predefined statistical analysis plan. All analyses were secondary objectives in the study; therefore, no correction for multiple corrections was performed and the results are primarily of a hypothesisgenerating nature. Echocardiographic variables were analyzed as changes from baseline at 1 and 2 yr after randomization using an analysis of covariance model with the treatment group as the main factor and the baseline value as covariate. Analyses of LVMI over time were performed, including mean, median, minimum, maximum, and SD for LVMI at each time point by treatment group. A covariance model with baseline LVMI and LVH as co-factors was used for LVMI and LVH at 1 yr and for LVMI at 2 yr after univariate analyses for predefined factors of specific interest (together with treatment). Multivariate analyses for all factors significant at 15% ␣ level were performed. A Cox proportional hazard model was used to estimate the relative risks and the corresponding 95% confidence intervals of a CV outcome event.
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